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INVESTIGATION FOR POSSIBLE LONG-TERM EFFECTS IN FERRITES

FROM HIGH-INTENSITY NEUTRON PULSES

W. W. Malinofsky

J. Newberg

G. C. Sands

DA TASK NR IA99-15-001-01

ABSTRACT

Eleven comme:cial magnetic ferrite types from two companies were investigated for possible
long.-term effects due to exposure to neutron irradiation simulating a nuclear burst. That is, the
materials were exposed to very high intensity irradiation (approximately 1017n/cm2/sec) for a
very short periodi (a pulse of 80 microseconds at half-height). The exposed samples, as well
as controls, we-e measured for magnetic, crystallographic, and resistivity changes. Specific
magnetic properties examined were L,Q, B_, Br, and Hc, as well as electrical resistivity. The
specific cryst-illographic properties investigated were lattice-defect production, redistribution
of the metal r.toms, and changes in lattice symmetry or size. Magnetic and electrical effects
due to ambient temperature, etc., were observed in both control and irradiated cores as random
changes. In order to isolate these effects from irradiation effects, special control tests were
ultimately required. The random nature of the changes necessitated a statistical approach, as
well as maximum precision of measurement. The determination of this precision was thus of
prime importance. After determining the magnitude of these miscellaneous effects and subtract-
ing them out, it was concluded that no changes were observed caused by the neutron irradiation.
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INVESTIGATION FOR POSSIBLE LONG-TERM EFFECTS
IN FERRITES FROM HIGH-INTENSITY NEUTRON PULSES

INTRODUCTION

Not a great amount of informationl is available concarning the effect of neutron irradiation
on the magnetic properties of ferrites. Practically nothing can be found in the literature concerning
the resultant crystallographic and electrical effects in these materials. What has been done has,
in all cases, involved relatively low irradiation intensities. Moreover, the materials were generally
exposed for very long periods, often days at a time. These conditions do not approximate a
nuclear burst.

All this is in sharp contrast to the conditions of the experiments discussed in this report,
where neutron pulses of orders of magnitude greater intensity but of orders of magnitude lesser
duration were available. In the above-mentioned work of other experimenters, considerable changes
in ferrite magnetic properties were reported. The question which will be answered in this investi-
gation is whether or not similar or worse changes result under the conditions of this experiment-
these conditions being of military interest since they more closely approximate those of a nuclear
weapon explosion than do those of any of the earlier reported studies.

The samples in this investigation were commercial ferrite cores of many types, their
application to radio-frequency communication encompassing frequency bands from 1 kc/sec to
as h'gh as 200 Mc/sec, all of importance to Electronics Command devices and equipments.

In the sections to follow, the following aspects of the investigation will be described in
detail: the neutron irradiation source, the magaetic properties, the electrical resistance, and the
crystallographic properties. Although presented separately, the last three aspects of the investi-
gation are closely related, since the production of crystallographic defects, for example, by the
neutron irradiation would decrease the initial permeability as well as the electrical resistance,
and the quality factor Q would also diminish. The coercive force, on the other hand, would tend
to increase. Thus, this investigation sought both to find long-term changes, if any, which might
occur in the properties of ferrites due to pulsed neutron irradiation, and to interrelate (or cross-
check) these effects from more than one point of view.

NEUTRON IRRADIATION SOURCE

The source for the neutron irradiation utilized in this investigation was the Godiva II
Reactor located at the Los Alamos Scientific Laboratories at Los Alamos, New Mexico. This
reactor will deliver a neutron pulse 80 microseconds wide at half-height, giving an integrated
neutron flux of 1013 nvt (neutrons per square centimeter) at the reactor surface. The average
neutron flux is approximately 1017 neutrons per square centimeter per second, much higher than
that obtainable from other reactors. Thus, this more closely simulates a nuclear weapon explosi,'
than does any other source. The test samples used in this investigation were situated
some distance away from the reactor surface, however, and consequently received somewhat lesz,
than the above dosages. A single dosage amounted to about 1012 nvt, while the accumulated
dosages were equal to almost 1013 nvt. These amounts include both fast and thermal (<0.025eV)
neutrons. The thermal neutron flux of about 2 - 5 x 109 nvt did not vary with the position of the



Ssamples, whereas the fast neutron flux fell off inversely as the square of the distance from the
center of the reactor. The latter flux was measured by a sulfur activation technique, and the
former by a gold and cadmium foil method. Using a film dosimetry technique, the accompanying
gamma radiation was determined to be about 9% to 10% of the neutron dose.

RESISTIVITY OF COIL WIRE

A Kelvin bridge was used to measure the resistance before and after neutron irradiation of
No. 29 HF (enamel-insulated) copper wire, taken from the same spool used for the windings of
the ferrite cores utilized in this investigation. A 5-ft length was employed, with copper lugs
soldered to the ends to prevent any variation in effective length during each attachment to the
bridge. The Kelvin bridge was maintained and the measurements carried out in an air-conditioned
environment. The precision of measurement was about 1/4%. The difference in resistance values
measured before, after, and again one year after the neutron irradiation was within this tolerance.
In any case, the effect on Q of this small variation would not be significant in the practical
application. (It might be noted that in other samples, changes in resistance due to cold-working
of the wire were observed.) The conclusion drawn is that no significant effect due to irradiation
of this magnitude occurred in the copper wire of the type used in winding the magnetic coils.

MAGNETIC PROPERTIES OF FERRITES

General

This part of the experiment was designed to determine the long-term changes in magnetic
properties due to irradiation, as well as to correlate them with other properties. For example,
in order to explain any change in quality factor Q of a wound core (Q equals L W/R), measure-
ments of the parameters involved in the inductance L and the loss R were also made. In the
case of L, only the initial permeability ju of the core material had to be measured, whereas R
could be affected by changes either in the losses in the core material or in the resistance of the
copper winding, or both. Therefore, measurements of changes in resistivity of both the ferrite
core as well as the copper wire were also made. The coercive force He was another magnetic
property that was monitored, since it could be correlated with /io; i.e., generally the higher the
coercive force, the lower the )u.. Saturation magnetization Bm and remanence B, were also
measured at the same time, being evaluated along with He from hysteresis-loop traces. Many
of these properties can be correlated with the crystallographic and electrical resistance studies
reported in a later section of this report.

As it turned out, a major problem of this part of the investigation was in accounting for
changes that occurred not only in the irradiated samples but in the control samples as well.
Thus, precision of measurement was an important factor to be determined. Changes beyond this
precision level were of a random nature so that a statistical approach was necessary.

Special care was taken in the investigation to account for statistical fluctuations in the
measurements. Special control cores were used to determine any possible effects of humidity
on the measurements as well as of day-to-day variations in the cores or measuring apparatus.
Other control samples took into account possible effects of transporting the test samples to the
test site, i.e., shock, vibration, temperature, humidity, and stray magnetic field effects of the
trip. In general, there were twice as many control samples as test samples. The ultimate purpose
of this was to strictly define the limits of change, or conversely, stability, detected as a result
of the irradiation.
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Ferrite Core Sample$

Sample cores were chosen from production, on-the-shelf, stocks of two well-known manu-
facturers of magnetic feirites. The compositions included both the manganese-zinc and the
nickel-zinc varieties of ferrites, the latter containing some cobalt usually, and sometimes copper.
These cores were selected to cover a broad range of frequencies applicable to communication
devices, approximately 1 kc to 200 Mc. There were eleven types of materials, all variations
of the manganese-zinc and nickel-zinc ferrite compositions used in the test. For the purposes
of this requirement, these various types have been numbered from 1 to 11.

Generally, six toroidal cores of each commercial type of ferrite were used for the measure-
ments of initial permeability and Q, and six for hysteresis-loop measurements (Bin, Br, Hc). Two
samples of the six served as "test samples," i.e., samples exposed to the reactor radiation. Two
others remained in the laboratory as control samples, and were called "lab controls." Two others
were transported to Los Alamos with the test samples and experienced the same conditions (i.e.,
shock, vibration, temperature, humidity, and any stray magnetic fields), except that they were kept
about 1,,'4 mile from the reactor site. These were dubbed "site controls." There were, therefore,
four control samples for every two exposed test samples.

Magnetic Measurement Methods

AC Properti,'s: Changes in the quality factor Q and inductance L of the wound test cores
were measured by means of a Boonton Model 260-A Q-Meter. Q %as read directly, while variations
in L could be measured by observing changes in capacitance C, read directly on the Q-Meter. In
this case, Laý is equal to 1U(Cw); and for small variations UL in L, the relative change AL/L is
equal and opposite in sign to 1C,'C. The method followed was to wind each toroidal core with
sufficient turns of either No. 24 or 29 American Wire Gauge enamel-coated copper wire to resonate
with the internal capacitor of the Q-Meter at three frequencies, in turn. These frequencies were
chosen to fall within the optimum frequency range of the core material. (It was necessary at times
to add an external precision General Radio Type 722-N Capacitor to the capacitance terminals.)
The sample coil leads were kept short to minimize lead inductance.

The actual measuring procedure consisted of taking five readings each of Q and capacitance
C. and calculating the average values. The coil leads were alternately reversed on the Q-Meter
terminals with each reading to average out any possible variations in lead inductance or contact
resistance. This procedure was followed both before and subsequent to irradiation. In addition,
the mean deviation within a set of readings was calculated to give a measure of the precision, or
repeatability, of the measurement. This procedure was then repeated at each of the three frequencies
used for the given sample type. See Appendix for determination of Q-Meter precision (about 1/2%).

DC (Hysterc. is-Loop) Properties: Changes in such hysteresis-loop characteristics as
maximum flux density Bi, remanence Br, and coercive force H, were monitored with the use of a
semiautomatically recording fluxmeter, commonly known as a dc loop-tracer. It is the general type
described by Cioffi.2 Each sample toroid was wound with a 20-turn primary and a 300-turn second-
ary. Direct current hysteresis curves were traced out for each sample, both before and after
irradiation. From these curves, values of B,, Br, and H, were measured for each toroidal core,
and any changes determined. See Appendix for determination of loop-tracer precision.

Magnetic Measurements Data and Results

AC Properties: Table 1 presents the differences in L and Q values measured before and
after the neutron irradiation. Also listed is the value of the mean deviation (DL, DQ) for either
the initial or final value, whichever is greater. to provide a measure of the repeatability or
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precision of each measurement. A change within the precision of measurement is not considered
significant. On the last page of Table 1 are listed certain ferrite cores which were given multiple
exposures to neutron radiation within the game day. Thus, the total dosage was increased by a
factor of about 8 over that received by the other samples. This was done in order to enhance any
effects that might occur due to the irradiation.

Before discussing the results, it should be pointed out that certain important limits of
variation (namely, 4% in L and 15% in Q) due to non-nuclear factors were determined in special
control tests (see Appendix) and will often be referred to in the following. Next, the "lab" and
"site" control samples will be discussed. Examination of the results in Table 1 shows that, in
the case of the control samples maintained within the laboratory, AL/L variations up to the same
limit of 4% were measured, as well as AQ,/Q changes up to 10%. In the case of the control samples
transported to the Godiva site, the variations exhibited in AL/L again never exceeded 4%, while
the AQ,'Q changes were less than 15% except in the case of one of the Type 2 cores. (Even
this ferrite experienced only a 19% change; moreover, the other Type 2 site control sample changed
less than 3%.) Thus, the control cores varied considerably more than considerations of precision
would allow, yet not beyond the range of variation due to non-nuclear factors.

Finally, of the 30 test samples irradiated, only five exhibited changes exceeding the above
statistical limits obtained from the special control tests previously mentioned. They were the
following: one Type 4 ferrite sample receiving a multiple exposure showed a AQ/Q change of
20% (although the other test core, as well as the site control core, changed by only 13%); both
test cores of Type 1 ferrite exhibited a AQ/Q change of 27% measured at 170 kc (but was not
consistent with the 4% and 12% changes found in the cores.at 90 and 126 kc, respectively); and
finally, both test cores of Type 11 ferrites receiving the multiple exposure showed a AL/L
change of 6%0 at 250 kc, over the 4% "limit," being the only cores to do so (although this was
not entirely consistent with the changes measured at other frequencies).

In considering the validity of the above-mentioned apparent changes, it is first of all
observed that they occurred only in the cases where Q was low. (It should be mentioned that no
attempt was made in the test to optimize Q.) For example, the Q of the aforementioned Type 4
ferrite changed from 15 to 12 or 20%" but since Q was read to the nearest whole number, AQ
was nearly equal to the sum of the reading errors (2) of the two measurements. This was also true
in the case of the Type 1 ferrite, where Q changed from 11 to 14. Moreover, in view of the fact
that the above deviations in Q occurred at the very lowest portion of the meter scale (10 to 250)
where the reliability is no better than about ±7% (manufacturer quotes ±5% accuracy at full
scale, 250), it would not be justified to accept the above deviations in Q of only 2 or 3 as real
changes due to neutron irradiation.

Further, as will be shown later in the resistivity investigation, ambient temperature changes
between the initial measurements and those taken after the irradiation would have caused such
variations in the ferrite properties. This would be particularly true for the very materials which
exhibited these apparent changes: Types 1, 4, and 11 all being low Curie Point ferrites with
fairly large temperature coefficients of initial permeability of 0.3, 0.7, and about 0.6%/*C,
respectively. These coefficients would produce about the same changes in Q. In the case of
Type 11 material, a 5VC difference in temperature between the initial and final measurements
(which were separated in time by about a month) would produce a AL/L change of 3%. This
could easily occur, especially if the initial and final readings were taken at different parts of
the day. This 3% change superimposed on the 4% range of variation of AL/L found for the special
control core, Type 10, in the special test conducted at constant temperature (described in the
Appendix) is sufficient to account for the 6% 6L/L change exhibited by the Type 11 cores. There-
fore, for the above reasons, it is concluded that all the changes in these low-Q materials are
not due to neutron irradiation.
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DC Hystereais-Loop Properties: Next to be considered are the hysteresis-loop properties,
as shown in Table 2. The key to interpreting the results of this experiment lies in the observation
that again some unknown randomizing influence is present. This can be seen from the fact that
the laboratory control samples, normally expected to be the least changed of all the samples, often
varied more than the others. Again, in some cases, the site control samples varied more than the
irradiated cores. Moreover, two cores of any of the three categories may change in opposite
directions. Thus, only a random influence could account for this. That these variations exceed the
precision inherent in the instrumentation is seen from the 17-day check on the repeatability of
measurement, given in the Appendix.

A measure of this effect may be obtained by a statistical analysis of the control samples as
a group. The maximum variations in each property thus found are as follows: in Bin, 15%;
in Br, 29%; and in He, 46%. The irradiated samples as a group, on the other hand, experienced
the following maximum variations: in B,, 13%; in Br, 15%; and in He, 35%. Thus, the irradiated
samples showed no greater maximum variations than those of the control samples.

Table 2 also shows a comparison between changes found in He and the maximum variation
possible due to the experimental reading error AHr of the recorder charts. This is necessary in
the case of He, since the reading error is relatively large, due to the fact that narrow loops
resulted from the choice of scale factors for applied fields necessary to approach saturation of the
material. By the total reading error shown is meant the sum of the maximum reading errors of the
initial and final values. Cases where the variations in Hc exceeded the total reading error were
distributed among both irradiated and control cores. But in only one case (ferrite Type 1) did a
test core experience a greater variation than its corresponding control cores, and then by less
than half of the total reading error. Less than twice the reading error is not considered a signifi-
cant change, especially since some control cores experienced changes greater than twice the
reading error. In addition, the other irradiated core of ferrite Type 1 did not show a change
exceeding the total reading error. Thus, it is concluded that no significant change in the dc
hysteresis-loop properties was experienced due to the neutron irradiation.

Summary of Magnetic Results: The investigation of the magnetic properties of present
commercial ferrites showed no changes in L, Q, Bm, Br, or He which could be ascribed to exposure
to neutron irradiation. A random variation in properties did generally take place throughout the
list of samples (control as well as irradiated cores): i.e., up to 6% in L, 27% in Q, 15% in Bin,
29% in Br, and 46% in He. However, in the last three properties mentioned, the maximum changes
%%ere exhibited by the control cores. In the first two properties, L and Q, the control cores
exhibited nearly the above amount of change, with 4% and 19%, respectively. The remainder was
accounted for by considerations of ambient temperature changes and the fact that the samples
changing most were consistently low-Q materials (increasing the relative reading error). (Specially
controlled tests in the laboratory, described in the Appendix, showed that some random change
(about 5%) in the properties of ferrites did exist, which could not be ascribed to the measuring
equipment or any other known cause.) Moreover, even if the above listed changes in L and Q were
due to irradiation, the effects could be disregarded from a practical point of view, since the Q
(being so low in those cases) would require a broad-band circuit application anyway that would
not be sensitive to small changes in L and Q.

FERRITE RESISTIVITY

General

The resistivity of the ferrite cores was of interest since a change in the value of this
property would be indicative of lattice defects produced by the neutron bombardment, and this
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could then be correlated with the changes in the values of the crystallographic and magnetic

properties. In actuality, the measurements to be described were of changes in resistance, rather
than in resistivity, since the former is linearly related to the latter and both will evidence the
same relative change.

The Mle asurement Instrumentation

The resistance measurement method was devised to overcome the problems of contact
resistance as well as the generally large values of resistivity encountered in ferrite materials.
It is basically a four-probe technique, adapted to meet the geometry involved in the measurement
of toroidal samples. After removing about a 80* pie-cut in the toroidal core with a diamond saw
and grinding the cut surfaces with silicon carbide paper, tinfoil electrodes were attached to these
cut ends with petrolatum. These then acted as the current electrodes, and were connected across
the terminals of a 45- or 225-volt battery. These voltages were required because of the high
resistances involved, especially for the Types 8, 5, and 6 ferrites. Two needlelike probes
impinged on one of the flat circular surfaces of the toroid and acted as the voltage probes (see
Fig. 1). They were adjustable and could be positioned on a mean diameter of the circular toroid,
their location being approximately equidistant from the current electrodes to insure uniform electric
fields in the vicinity of the probes. The sample and probes were held in position by means of a
special jig constructed of fiber-glass silicone laminate (resistivity equal to 1010 ohm-cm) and teflon
(resistivity greater than 1015 ohm-cm). The former material comprised most of the jig, while the
latter under pressure from a spring was used in wedge-form between the current electrodes to main-
tain good contact between the tinfoil electrodes and the sample. These materials were chosen for
their high resistivities (ferrites range to about 108 ohm-cm), so as to prevent any error due to leak-
age current through the jig. The voltage was measured by connecting the voltage probes to a
Keithley Electrometer. Model 200, with Voltage Divider (10:1). The electrometer was used in
order to take advantage of its high input impedance (greater than 1014 ohms), since an ordinary
voltmeter was found to have an input impedance low enough to affect the reading. A Keithley
Electrometer. Model 210. with a decade shunt box was used to measure the lower currents experienced
with the more resistive Types 3, 5, and 6 materials, while a General Electric milliammeter, Model
DP-2, was used for the higher currents obtained with the less resistive Types 1, 2, 4, and 11
ferrites. As a precaution against surface conductivity, due to grease or moisture, the samples were
cleaned with methyl alcohol and then kept dry by storing in a desiccator before any measurements
were taken.

Mleasurement Procedure.

The resistance measurement procedure was as follows. After preparing a sample of each
of the above-named ferrite types in the manner outlined, a sample was placed in the jig and the
voltage probes positioned on a mean diameter of the toroidal core, approximately equidistant from
the current electrodes. (The diameter of each sample had been determined and inscribed on the
core by means of a "trihead." Then the outer and inner diameters were measured with a millimeter
rule and the two points on the line delineating the mean diameter were divided. This distance was
also set and locked between the voltage probes by means of adjustments on the jig.) Simultaneous
readings of voltage and current were then made. This process was repeated for new voltage probe
positions slightly displaced circumferentially from the first ones, and lying on another diameter
having a small angular displacement from the first. (Slight radial displacement of the probes was
found to have no significant effect on the measurement.) In this manner, three sets of readings were
obtained in all. This was done to average out any possible effects due to surface variations on
the sample. From the above readings, the value of resistance R was calculated for each set of
readings and the average R of the three values computed. Four cores of each of the ferrite types
1, 2, 3, 4, 5, 6, and 11 were measured in this way. Two test cores of each with their tinfoil
current electrodes attached were placed in paper envelopes and paper-taped to a hemispherical



aluminum framework and then shipped to the Godiva site for neutron irradiation. Thereafter, the
resistance measurements were repeated precisely as before. The remaining two cores of each type,
which were not irradiated, served as control cores. These were transported to and from the Godiva
site, experiencing the same shock and vibration as the test cores.

Resistance Data

The data obtained and the results of the calculations are given in Table 3. The change
AR between the initial value Ri and the final value Rf after irradiation is given in percent of
Ri. It is evident that the resistance of the control samples fluctuated to the same extent as that
of the irradiated samples, i.e., up to about 25%. Further, both positive and negative changes
could be found within the same set of either control or irradiated samples. These results
tend to indicate a random effect taking place among all the samples. That the above changes are
real is shown by a comparison of those changes with the precision of measurement. For example,
the greatest AR of any irradiated core was 24.4%, while the maximum mean deviation DR for the
averaged readings involved (either initial or final) was only 2.3%; similarly for the control core with
greatest AR, the values of 22.2% and 1.7%, respectively, were obtained, differing by over a factor
of 10.

Effect of Humidity: To determine the cause of the above effects, two factors possibly
affecting the resistance measurements were considered: humidity (possibly causing surface
conduction) and temperature. To check the first factor, a control core of Type 5 ferrite was re-
subjected to a series of resistance measurements inside a desiccator containing CaCI 2 . The
voltage probes remained fixed on the sample for the whole series of measurements. From two to
four measurements were made at frequent intervals each day for twelve successive workdays.
Again a distribution of values was evident, with R varying over a range of 85% during this period,
despite the dry atmospheric condition maintained. Thus, humidity, within the range normally
occurring in this Laboratory, was eliminated as a serious factor in the test measurements.

Effect of Temperature: Next, temperature was considered as a possible cause of the
fluctuations in the test results. Therefore, another series of measurements on the same sample
were made, this time recording the room (sample) temperature during each measurement. (Because
of the low currents involved, no heating of the sample occurred.) With the sample still in the
desiccator, many measurements over a 3-day period were made at ambient temperatures, the latter
being read to 0.5*C with a glass thermometer. Again, AR varied over a range of 25%. The above
data are shown in Fig. 2 as a plot of logarithm R versus l/T, where T is in *K. The horizontal
lines about each point represent the maximum reading error (±0.5*C) of the temperature measure-
ment. As can be seen, the points, although taken at different times and on different days, fit the
straight line within the reading error quite well. This linearity indicates that the above fluctuations
in R follow the normal function for resistivity in semiconductors as a function of temperature.
This is, in logarithmic form:

In R = In Ro + (AEkX1/T),

where AE is the energy gap, k is Boltzmann's Constant, and T is in 'K. Thus, the slope of the
line plotted in Fig. 2 is equal to AE/k, and from this the energy gap AE can be determined. This
procedure was carried out and the value of AE obtained was approximately 0.6 electron volt. This
compares quite well with the literature value of 0.4 electron volt for a (Nio. 5 Zno.5)-ferrite. (This
composition is slightly different from that of the above Type 5 ferrite.) Because of the linearity
of the plot, as well as the magnitude of the energy gap determined, it is concluded that the
fluctuations in the resistance values measured are caused by the variations in the ambient temper-
ature. Thus, the difference in resistances measured before and after neutron irradiation would
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depend on which'day, as well as on what hour of the day, the measurements were conducted. In order
to obtain AE more accurately to better confirm the above result, the same sample was remeasured
over a considerably greater temperature range than the approximately 4VC range of the daily ambient.
This was done to minimize the scattering effect on the plot caused by the temperature reading error.
Accordingly, the temperature of the sample was decreased slowly from 127°C to OOC, and measured
with a Wheelco Potentiometer, Model 812, utilizing a chromel-alumel thermocouple placed next to
the sample. A plot of the logarithm of the resistance versus 1/T was made. The linear relation-
ship became even clearer than before because of the greater temperature range and smaller reading
error. A calculation using the slope of the straight line gave a value for AE of 0.4 electron volt,
again agreeing with the value given in the literature for the closely related (NiZn)-ferrite mentioned
previously.

A calculation was made using this value of AE to determine what change in temperature
would be required to vary the value of resistance by 25%, the maximum variation experienced by
the test samples (both irradiated and control). This was found to be 40 C.

Summary of Leaiatance Measurements

Therefore, although variations up to 25% in the electrical resistance (or resistivity) of
ferrites occurrod following irradiation, these changes can be completely accounted for on the basis
of normal changes (4*C) in the ambient temperature. The lattice figure is a reasonable one,
especially in light of the considerable period (almost a month) between initial and final measure-
ments.

CRYSTALLOGRAPHIC PROPERTIES OF FERRITES

General

The purposes of the crystallographic study were threefold: To determine (1) the formation
of crystallographic defects due to neutron irradiation by means of X-ray diffraction line broadening;
(2) the redistribution of atoms among the possible lattice sites by observation of changes
in X-ray diffraction relative line intensities; and (3) changes in symmetry and size of the crystal-
lographic unit cell by observation of line splitting (extra lines) as well as shifts in positions of the
lines. These changes could then be correlated with any observed changes in electrical resistance
or magnetic properties due to the neutron irradiation.

Test Samples

Five types of ferrites covering a broad frequency range were investigated. A core each of
ferrite Types 1, 2, 8, 4, and 5 were ground down to a powder of sufficient size to just produce
continuous X-ray diffraction lines. This was done to prevent fine-particle line broadening. This
powder was then subdivided, generally, into two portions which served as irradiated and control
samples. The control samples were forwarded to the Godiva site where they remained unexposed
and served as site control samples. The samples to be irradiated were kept in paper envelopes
and fastened with paper-tape to the hemispherical aluminum framework placed before the Godiva
for irradiation.

X-Ray Diffraction Measurements

All the crystallographic measurements were conducted on a Philips Electronics Co. X-ray
Geigeý Counter Diffractometer, Model 42266, with voltage and current stabilization. Diffraction



charts were obtained on a Brown recorder located in the Philips Electronic Circuit Panel, Model
12096, which also contained the low voltage supply, high voltage, dc supply, counters, and
ratemeter. The source of the X-radiation used was a Philips X-ray Generator, Model 12045/8,
containing an Fe-target X-ray tube with an Mn filter. The standard form of flat specimen of
each sample was prepared, and diffraction charts of both the low-angle (front) and high-angle
(back) regions of the diffraction pattern were obtained. Each peak of the pattern has an index
consisting of three numbers, hkl, called Miller indices.

Lattice Defect Formation

It is known from X-ray diffraction theory that line brcadening results from the formation
of either lattice defects 3 or fine particles. Since the latter effect is extremely unlikely as a
consequence of neutron irradiation, it can be ruled out. On the other hand, the production of
lattice defects, such as the expulsion of an atom from its normal position in the crystal to an
abnormal interstitial one, is well known to be a result of irradiation in sufficient quantity. The
broadening determined for any one line is theoretically sufficient, but four lines were used far
statistical reasons to reduce error. To determine this, the Jones method 4 can be used. In this
method, the half-width Bo is measured between two straight lines drawn along the slopes on each
side of the peak, their intersection being considered the maximum height for the purposes of the
measurement. This was done in order to eliminate random variations in the peak height due to
background fluctuations, which in turn would cause variations in the measured half-width. In
Table 4 is presented the measured half-width of four peaks for each sample of ferrite material,
including the control as well as the irradiated samples. They have been measured to within
±0.01 inch and subsequently converted to angular degrees in terms of the 20angle, having a reading
error of ±0.020. As can be seen from the table, in no case did a half-width for an irradiated sample
show a broadening over that of the corresponding control samples exceeding the reading error of
0.020. An occasional decrease in half-width was found (opposite effect to that caused by lattice
defects) which nevertheless never exceeded 0.040 (maximum reading error when taking the difference
of two half-width values each with ±0.02 0 error previously mentioned), nor which was demonstrated
by the other peaks of the sample. Thus, it was evident that no line broadening had occurred
within the experimental error. It was concluded, therefore, that no significant formation of lattice
defects had occurred due to the neutron irradiation.

Atomic Redistribution

A change in position of an atom with scattering factor f will result in a change in the
intensity of the X-ray reflection. It is for this reason that a redistribution of atoms during the
neutron irradiation of this investigation may be hoped to be seen. The practical limitations of
this method in the case at hand are quite severe, however, inasmuch as the spinel ferrites are
composed principally of the transition elements of the first series, all differing only rather slightly
from each other in terms of scattering factor f. The maximum change in f in going from Mn through
Fe, Co, Ni, Cu, to Zn in this transition series is only about 25%. The exact limit of detectability
of the amount of redistribution occurring differs from ferrite type to ferrite type depending on the
composition and distribution of the metal atoms in each case, and has not been determined. However,
any gross redistribution of atoms in any of the ferrites would be detected, and conversely any
significant change observed in the relative intensities of the diffraction peaks could be ascribed
to this cause. Correlative to this would be a change in magnetic properties, such as the saturation
flux density and remanent flux density.

Table 5 lists the relative intensities Irel of the various diffraction peaks (hkl) for the
control and irradiated samples. The relative intensities of the lines in the front region were
calculated on the basis of the strongest peak in the front region (the 311 peak) having an intensity
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of 100, and similarly for the back region using the strongest line in that region (558/781 peak).
This was done to account for changes in the diffractometer slit system for 9 greater than 900,
i.e., larger slits were used for peaks with hkl's from 620 to 800. Each intensity reading was
obtained from the intercept of two straight lines drawn along the slopes of each diffraction peak,

and the background level then subtracted out. As can be seen, the difference in the relative
intensities of corresponding peaks for the control and irradiated samples was small, the highest
value of Wi., being 6 in the front region (i.e., for hkl's between 111 and 440, inclusive). Generally,
the 61,,j values were considerably smaller. This difference of 6 would correspond to ±8 in the
readings for the relative intensities of the control and irradiated samples, the latter figure being
considered a reasonable reading error for X-ray diffraction peak intensities. In the back region,
differences generally were small but ranged up to a Alrel of 8, or ±4 in each reading. Again,
for the baclkregion this reading error is not considered excessive in view of the fourfold increase in
the range of background fluctuations attributable to the much larger slit system normally used in the
back region. Further, it should be remembered that the relative intensities of the peaks in the back
region are normalized to one of the lines in the back region, rather than to the strongest line of the
whole diffraction pattern. This has the effect of greatly increasing the apparent lrel as well
as the LlrI values for the back-region peaks, in fact by about a factor of 6, so that the maximum
Alrel value found (i.e., 8) would amount to about 1 when considered on the same scale as the front-
region peaks. Thus, within the error of measurement, no significant change ascribable to neutron
irradiation was detected, and therefore no change in atomic distribution was determined.

Lattice Symmetry and Size

The lattice symmetry and size properties were also observed and recorded. The spinel
structure of ferrites is of the most symmetric type, i.e., in the cubic class. This means that the
interaxial angles of the lattice are all 90°, and tile three axial lengths (lattice constants) are all
equal. A change in any of the angles, as well as any in the ratios of the axial lengths, would
incur the presence of new diffraction peaks in the pattern. For small changes these would be
visible as a so-called splitting of the usual peaks. These effects were sought in all the dif-
fraction patterns but were never observed. Thus, it can be concluded that no significant lattice
symmetry changes were incurred by the neutron irradiation.

To detect any changes in the size of the crystallographic unit cell, the positions of the 538,
d42, and 553/781 peaks for both irradiated and control samples were measured to ±0.01*(20) and were
then compared. More than one peak was observed for statistical reasons only, since theoretically
if one line would shift position then all should. The 20-angular position of each peak was obtained
from the intercept of two straight lines drawn along the slopes of the peak, in order to minimize irreg-
ularities due to the background. The results are shown in Table 6. Although differences A(20)
between corresponding peaks of the irradiated and control samples ranged up to 0.050, these differ-
ences were generally not consistent in direction for all three peaks, indicating that they are random
fluctuations due to background, etc. Only one sample showed consistent differences (in direction),
but the greatest difference shown for any of the three peaks was 0.03*, which is nearly equal to the
total reading error of ±0.02' due to the subtraction of two quantities each with a reading error
of ±0.010. (Even this 0.038 difference lies within the 0.050 range of fluctuations found for all the
other samples and considered to be the limit of reproducibility in the experiment.) Thus, no signif-
icant changes due to neutron irradiation within the experimental error were found in the crystallographic
unit cell size of any of the ferrites investigated.

Summary of Crystallographic Study

No irradiation effects could be found in any of the crystallographic properties measured.
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CONCLUSIONS

The results of the separate magnetic, resistivity, and crystallographic studies were in
agreement in finding that pulsed high-intensity neutron irradiation of the intensity and total dosage
employed had no significant long-term effects on the commercial ferrites investigated.

RECOMMENDATIONS

Although the variety of types of commercial radio-frequency ferrites investigated was quite
representative of the compositions generally used by all manufacturers in the field, it would not
obviate the investigation of other commercial ferrites. Since various manufacturers employ different
additives having varying capture cross-sections, each ferrite type should be considered
separately.

Moreover, the fortunate lack of long-term effects in the above ferrites does not preclude
transient effects during the neutron exposure, the latter measurement requiring different equipment
and testing procedure.

Since irradiation effects are known to be dependent on the total dosage for one thing, any
knowledge desired on the long-term effects that might correspond to a larger nuclear explosion
would have to be gained from another investigation similar to that described herein.

Also, the radiation spectrum from an actual nuclear burst might well be at variance with
that of the Godiva reactor, and therefore could have a rather different effect on ferrites. This
would seem to suggest then that a more realistic exposure of the material should be investigated.

Finally, any further investigations of radiation effects on ferrites or many other magnetic
materials should employ a procedure which, preferably, eliminates temperature as a variable in
the magnetic measurements.
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S~APPENDIX

Precision of Q-Pdeter Measurements

Reliability: To check the reliability of the Q-meter, a Standard Q-Coil was measured at
three standard frequencies and the values of Q obtained were compared to those given by the
manufacturer. These measurements were repeated twice daily for 24 days to ascertain -the-repeat- ..
ability of measurement. Average Q values were calculated and found to be: 178 at 0.5 Mc/sec,
228 at 1.0 Mc/sec, and 182 at 1.5 Mc/sec. The manufacturer's values of Q are 179 at 0.5 Mc/sec,
281 at 1.0 Mc/sec, and 198 at 1.5 Mc/sec. The company manual states that the Q-meter is operating
satisfactorily if it gives results within ± 7% of the standard values; this criterion was met.

Repeatability: A measure of the repeatability was obtained by calculating the mean deviation
in Q at each frequency. This was found to be 1.0 at 0.5 Mc/sec, 0.9 at 1.0 Mc/sec, and 0.9 at 1.5
Mc/sec. These values amount to a relative mean deviation of only about 1/2%. Since these
measurements were taken over a 24-day period, this last figure is considered quite tolerable, and
indicates a good degree of reproducibility.

Frequency Repeatability: Two additional checks were made on the frequency of the Q-Meter
to determine: (1) the repeatability of the frequency setting, and (2) the frequency drift during the
course of the usual set of five readings. To accomplish this, a Berkeley Frequency Meter, Model
5570, was connected into the circuit to monitor the frequency. With this instrument, frequency
readings were taken to six significant figures. To check the repeatability of the Q-Meter frequency
setting, the latter was set up six times to the same dial setting in the usual fashion and the
accurate frequency read from the frequency meter. Variations in the frequency with each resetting
were obtained but these spanned a range of lessthan 0.1%. This would incur a change in capac-
itance of only 0.2% in tuning the circuit to resonance.

Frequency Drift: The second check, to determine the frequency drift during the time required
for the usual set of five readings, consisted in setting the Q-Meter frequency accurately and
observing the fluctuations with time by meanb of the Berkeley Frequency Meter. (This was done,
as in all the actual test measurements, after a 1-hr warmup period.) Five readings of capacitance
and Q were taken during this time, and frequency readings just prior to and following each of these
readings were taken. The total range of variation in frequency during the whole period was less
than 0.01%, and about one-fifth of this occurred during the course of a single reading. Thus, the
effects of frequency drift can be taken as negligible, especially since the initial permeability of
ferrites in their optimum range varies very little with frequency.

Precision of DC Hysteresis-Loop Measurements

To determine the repeatability, or precision, of the recording dc hysteresis-loop tracer over
a period of time, a typical ferrite core was remeasured each day for seventeen days in an air-
conditioned room where temperature was controlled to 21 ± 10 C. The Bin, Br, and Hc properties
were determined. Seventeen-day averages and mean deviations were calculated. The relative mean
deviation of the series of measurements was calculated to be 1.1% in B,, 1.5% in Br, and 8.6% in
Hc. The actual total range of variation measured during the 17-day period amounted to 5.0%, 7.7%,
and 11.5%, respectively. (The last variation, for AHcis still less than its total reading error.) Thua.
measurements before and after irradiation could differ by these last amounts without any neutron
irradiation effects being present.

Environmental Effects on Q-Meter Measurements

Ambient Temperature: Special checks were made to determine the effect of the sample's
environment on the repeatability of measurement. One ferrite core (of Type 12) was kept under
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APPENDIX (cont)

the usual ambient conditions in the laboratory, while another ferrite core (of Type 10) was kept
in an air-conditioned laboratory where temperature was controlled at 21 ± V0 C. In both cases,
the Q-Meter was also kept in the air-conditioned laboratory. In the first case, Q and C were
measured each day for fifteen days, five readings of each property being taken at a time and the
average calculated. This procedure was followed at three frequencies: 90 kc/sec, 120 kc/sec,
and 180 kc/sec. The mean deviation of each set of five readings was also calculated as a measure
of the precision of measurement. At 90 kc/sec, Carg (from five readings) varied during the 15-day
period over the range from 1292.0 to 1310.4 mmf, or a range of 1.4%. For comparison, the maximum
relative mean deviation exhibited by any set of readings on any given day was only 0.3%. At
120 kc/sec, Cay3 ranged from 727.2 to 737.2 mmf, or 1.4%. The maximum relative mean deviation
shown by any day's readings was 0.3%. At 180 kc/sec, Cars ranged from 316.6 to 820.8 mmi, or
1.3%. The maximum relative mean deviation shown on any day was 0.5%. Thus, a relative mean
deviation of less than 0.5% is consistently demonstrated for the readings of C on any one day,
while day-to-day variations consistently cover a larger range of about 1.4%. The reading error
(relative) was calculated to be less than about 0.1% for the two higher ranges of C measured, and
about 0.8% for the lowest.

In the case of Q, at 90 kc/sec, Qavg (from five readings) ranged during 15 days time from
38.4 to 40.4, or 5%. With one exception, the relative mean deviation of any day's readings was
less than 1.3%, and very often was zero. At 120 kc'/sec, Qavg varied from 33.4 to 87.0, or about
10%. Again with one exception, the maximum relative mean deviation shown for any set of readings
was 1.4%. At 180 kc/sec, Qavg ranged from 23.2 to 27.0, or 15%. The maximum relative mean
deviation exhibited by any one day's readings was 1.8%, with one exception. If one calculates the
relative reading error for the values of Q obtained above, it is found that for a maximum reading
error of ±1 in Q, relative reading error is as follows: 2.5% for the 90 kc/sec measurements, 2.8%
for those at 120 kc/sec, and 4.0%0 for the above results at 180 kc/sec. These reading errors thus
very nearly account for the relative mean deviations in Q obtained above.

Constant Temperature: In the second case, where the ferrite core was kept in an air-
conditioned laboratory, the same procedure as outlined above was followed. Cays, measured in
this case at 0.3 Mc, sec, varied from 1444.2 to 1456.2 mmf, or over a range of 0.8% during a 15-day
period. At 0.6 Mc,, sec, Cavg ranged from 356.2 to 359.2 mmf, or 0.8%. At 1.0 Mc/sec, Cavg
varied from 127.6 to 133.0 mmf, or 4%. The maximum relative mean deviations exhibited for the
above three measurements were 0.4%, 0.4%, and 1.4%, respectively.

In regard to Q at the first of the above frequencies, Q varied from 162.0 to 166.6, or 3%.
The maximum mean deviation of any day was 1.0%. At the second frequency, Q varied from 172.7 to
179.8, or 4%. The maximum mean deviation was 2.7%. At the third frequency, Q varied between
156.1) to 164.8, or 6%. The maximum mean deviation was 0.7%.

Summary: From the data of both experiments, the maximum changes observed during the 15-day
period were 4% in Ca&,g. or L, and 15% in Q. That these are real can be concluded from a comparison
with the mean deviation (maximum) of 1.4% and 2.7, respectively. Thus, measurements taken before
and again after irradiation of samples could conceivably differ by these amounts without the sample
suffering any irradiation damage, while changes greater than this amount would be due to irradiation,
mechanical shock. etc.
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TABLE 3. RESISTANCE CHANGES IN FERRITES

AR DR 6R DR bp D R AR DR
R Rt R RW% {%) W% M% M% (0/)- M% M%

Ferdte Type (1) (2) (3) (4)
Test 5.0 3.9 1.3 1.6 18.8 2 0.6 3.6
Test -5.3 2.6 10.3 2.2 8.1 0.7 -7.0 1.9
Site Control -3.4 2.1 5.2 2.2 -6.1 3.6 5.3 0.5
Site Control -8.9 3.2 ol3.3 1.7 4.9 1.6 - -

Ferrite Type (4-small) (5) (6) (11)
Test -3.9 4.3 10.0 2.4 -7.3 2.6 6.1 1.5
Test - - 24.4 2.3 10.4 1.5 -4.3 3.1
Site Control 11.8 4.0 6.8 0 22.2 1.7 4.3 0.9
Site Control - - -0.6 0 20.0 1.2 14.5 2.4
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TABLE 4. HALF-WIDTHS OF X-RAY DIFFRACTION PEAKS OF IRRADIATED AND
CONTROL SAMPLES

HALF-WIDTH Bo (°20)

FERRITE TYPE SAMPLE hkl: 533 642 553/731 800

1 Irradiated .20 .20 .24 .26
Control .18 .18 .26 .28

BO .02 .02 -. 02 -. 02

2 Irradiated .18 .18 .24 .24
Control .18 .18 .24 .24

so 0 0 0 0

3 Irradiated .16 .16 .22 .26
Control .20 .18 .22 .28

BO -. 04 -. 02 0 -. 02

4 Irradiated .16 .18 .22 .26
Control .16 .18 .24 .28

8o0 0 -. 02 -. 02

5 Irradiated .20 .20 .22 .28
Control .20 .22 .24 .28

BO0 -. 02 -. 02 0
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TABLE 6 POSVTIONS OF X-RAY DIFFRACTION PEAKS FOR IRRADIATED AND
CONTROL SAMPLES

FERRITE-TYPE SAMPLE hkIz 553/731 0(28) 642 0(20) 533 o(29)

I Irradiated 125.32 119.87 98.66
Control 125.35 119.86 98.65
4(20) -. 03 .01 .01

2 Irradiated 124.85 119.45 98.37
Control 124.84 119.46 98.36

S(29) .01 -. 01 .01

3 Irradiated 122.24 117.11 96.75
Control 122.20 117.09 96.77
S(29) .04 .02 -. 02

4 Irradiated 124.13 118.86 97.92
Control 124.15 118.85 97.97
A(29) -. 02 .01 -. 05

5 Irradiated 124.36 119.01 98.06
Control 124.37 119.03 98.09
S(29) -. 01 -. 02 -. 03
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CODE FeNR FERRITE TYPES

ComereIl Campo

T-1 Indiana General Corp.

2 0-3 Indiana General Corp.

3 0-3 Indiana General Corp.

4 H Indiana General Corp.

5 a Indiana General Corp.

6 0-2 Indiana General Corp.

7 1848 Stackpole Carbon Co. /
8 2285 Stackpole Carbon Co.

9 27 Stackpole Carbon Co. f
10 9 Stackpole Carbon Co.

10 0-2 Indiana General Corp.

12 23 Stackpole Carbon Co.
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